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Abstract
In the paper we present an urban design support tool centered on pedestrian accessibility and
walkability of places. Diﬀerently from standard decision support systems developed for the pur-
pose of evaluating given pre-deﬁned urban projects and designs, we address the inverse problem
of having the software system itself generate hypotheses of projects and designs, given some
(user-provided) objectives and constraints. Taking as a starting point a model for evaluating
walkability, we adapt the NSGA-II multi-objective genetic algorithm to produce the front of
non-dominated design alternatives to satisfy certain predeﬁned constraints. By way of example,
we brieﬂy present an application of the system to a real urban area.
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1 Introduction
A range of formal methods have been proposed for the evaluation of the quality of urban space.
We also have recently constructed a planning decision-support system, Walkability Explorer
(WE), based on one such evaluation model focusing on the notion of walkability [2, 1], concep-
tualised in terms of (urban) capabilities. The point, through calculating a walkability score,
was to capture elements of how, how far and where to, people can walk from each point in
urban space. Rather than considering only walking distances and the availability of potential
attractors in space, this walkability score also incorporates qualitative features of urban envi-
ronment relevant for people’s choice and willingness to walk, such as aspects of urban design,
physical features of the street network and land-use patterns along possible walking routes.
The use of such evaluation models as tools for the assessment of urban projects is straight-
forward: to estimate the eﬀectiveness of a project in terms of walkability, one codiﬁes both the
current situation and the project into the system, runs the model to compute walkability scores,
and then compares the results. But, what would it amount to to turn this around and address
the inverse problem? Here arises an interesting prospect to have the system itself generate
hypotheses of projects, given some (user-provided) objectives and constraints. There seems to
reside a potential for developing not only evaluative, but also such generative procedures, in
other words, to develop not only tools for assessing projects, but for designing them.
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In this paper we present our ﬁrst take of that inverse problem, by oﬀering a possible trans-
position of our approach to evaluating walkability into one such generative procedure. This,
it turns out, remarkably increases operational and computational complexity. Given the, in
principle, large amount of combinatorial options and thus a vast search space of solutions, the
problem calls for speciﬁc search heuristics which proves to be an intricate challenge. There are
many diﬀerent routes one may try to take here. The proposal hereby presented must be seen
as a preliminary exploration of one among many such possible routes.
2 Evaluating Designs
To evaluate walkability [10], WE assumes that residents at diﬀerent points in the urban space
can walk through the street network to destinations of interest. Destinations are divided into
separate categories each representing a diﬀerent type of “urban opportunity” (e.g. green areas,
commercial and retail, services, etc.). The pedestrian behaviour is modelled as a maximisation
problem. We assume that a resident living at a point in space will walk to available destinations
a certain number of times, and will from that derive some beneﬁt β deﬁned by the following
constant elasticity of substitution (CES) function:
β(x) =
(
n∑
i=1
xρi
) 1
ρ
(1)
where n is the number of available destinations, xi is the number of times the resident visits
the i-th destination and 1/(1 − ρ) is the elasticity of substitution among destinations. The
constraint imposed upon the pedestrian is:
n∑
i=1
ci xi ≤ μ (2)
where ci is the cost the pedestrian foregoes to reach the destination i, and μ is the available
budget with a conventional constant value.
The urban street network is represented by a graph G = 〈E , V〉, where E is a set of edges and
V is a set of nodes (i.e. vertices) connected by edges. A path from an origin to a destination is
thus a set of interconnected edges of the graph G. Besides their length, we describe edges on
further attributes relevant for shaping the quality of the pedestrian accessibility, characteristics
such as physical features, urban design, presence (or absence) of variety of urban activities.
These attributes serve to model the “cost” of a path used in the constraint expression (2). We
deﬁne the cost of a path of p edges as:
c = c0 +
p∑
k=1
lk ηk with ηk =
⎡
⎢⎣1−
⎛
⎝ na∑
j=1
γj a
r
k,j
⎞
⎠
1
r
⎤
⎥⎦ (3)
where c0 is a ﬁxed cost, lk is the length of the k-th edge in the path, and ηk is a cost factor. In
the latter na is the number of attributes, ak,j ∈ [0, 1] is the value of that edge’s j-th attribute,
γj is the weight of the attribute (with
∑
γj = 1) and r is a parameter with 1/(1 − r) being
the elasticity of substitution among attributes. The expression above yields unit variable cost
of 1 when all attributes are at their lowest value (i.e. 0), and approaches 0 when attributes
approach the highest value of 1.
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detail, given the set of destination nodes D, ﬁrst we modify the graph representing the street
network to account for all the Δηk included in P; then we use the procedure described above for
computing a walkability score wi for each node ni ∈ S¯. Subsequently, we deﬁne the walkability
score Walkability(S¯ | P) of S¯ as the average value of all wi.
Moreover, we assume that, for each edge ek, there exists a function Eﬀortk that provides
the minimum eﬀort (e.g., in terms of money, time, consensus etc.) required to achieve a given
decrease Δηk of the cost factor. Such a function may simply be estimated by experts, on the
basis of the condition of the street, which is represented by its current vector of attributes ak.
Alternatively, it can be pre-computed using an optimization process on the basis of Equation
(3) and by attributing an eﬀort to each variation of the attributes ak,j . We deﬁne the eﬀort
Eﬀort(P) of a design P as the sum of all the eﬀorts required by its edges.
The typical design problem consists of devising a set P which maximizes the beneﬁt
Walkability(S¯ | P) with the minimum Eﬀort(P). This could be accomplished through a trial-
and-error process in which the WE’s user ‘manually’ modiﬁes some suitable edges of the street
network and uses the automatic procedure described above to evaluate how such changes aﬀect
the walkability in the area of interest. However, the search space (i.e. the set of all possible
P below a given total eﬀort) is typically huge. Also, the eﬀects of edge changes on a complex
graph are not always straightforwardly intuitive and some suitable solutions may be non-trivial.
For these reasons, such a process based on trials and errors would hardly result in eﬃcient and
satisfactory design solutions.
In this paper, we propose an automatic process to support devising a design of walkability
improvements, as deﬁned by Equation (5). We formulate the design problem as the following
bi-objective constrained optimization problem:⎧⎪⎨
⎪⎩
max
P⊂Π
Walkability(S¯ | P)
min
P⊂Π
Eﬀort(P)
η¯k < ηk +Δηk < 1 ∀ 〈ek, Δηk〉 ∈ P
(6)
where η¯k indicates the minimum achievable value for the cost factor of ek. Such minimum
values should be estimated on the basis of the physical conditions of the streets.
Problem (6) may be tackled by transforming it into a single-objective one through some
aggregation of the two functions Walkability and Eﬀort , with some parameters (i.e. weights)
grounded on the decision maker’s preferences. A major issue with such an approach is that it
requires an explicit statement of preferences on the two objectives by the decision makers prior
to the solution process, which must be repeated if the preferences change. For these reasons,
the approach adopted in this study consists of maintaining the two separate objectives and
generating a set of solutions to be presented to the decision maker for consideration. With
this approach we construct a set of non-dominated (or eﬃcient) solutions [11] using a suitable
metaheuristic. Then, the solution eventually chosen by the decision maker is obtained by
examining and exploring the various trade-oﬀs between the achieved walkability improvement
and the corresponding eﬀort in the set of non-dominated solutions. This latter phase can be
carried out in a systematized way as in the Surrogate Worth Tradeoﬀ method [8].
3.1 Evolutionary Optimization of Designs
In the current version of WE, the metaheuristic adopted for solving problem (6) is the multi-
objective Genetic Algorithm [4, 7] NSGA-II [5], which has been extensively investigated and
successfully tested [5, 9, 3]. In particular, we have adapted the NSGA-II algorithm to our
purpose, by devising speciﬁc recombination and mutation operators.
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The GA is used to evolve a randomly initialized population of np candidate designs. Each
design P is encoded as an array of integers p. In particular, each component pi of p encodes
both the id of a street edge and the corresponding variation Δη of its cost factor. To limit the
size of the search space, without any signiﬁcant inﬂuence on the accuracy of results, for Δη we
allow only a limited number of diﬀerent values in the interval ]−1, 0[.
To avoid the aggregation of multiple objectives, the comparison of two candidate solutions
in the multi-objective GA is achieved using the concepts of Pareto’s optimality and dominance.
In particular, considering the optimization problem (6), we say that Pi dominates Pj if the ﬁrst
is not inferior to Pj in both objectives, and, additionally, there is at least one objective where
it is better
Before the beginning of the optimization process, we perform an analysis of walkability con-
sidering the source nodes in S¯ and the current state of the urban street network. In particular,
in order to speed up the subsequent process, for each node in S¯ we store the data structures
obtained by the Dijkstra’s shortest path algorithm during such a preliminary walkability as-
sessment (i.e. in practice we keep the cheapest paths from each origin node in S¯ to each node
in the graph).
The initial population is composed of np random individuals, each with a diﬀerent number
of edges within a preﬁxed maximum: each edge of a candidate solution is randomly drawn from
a suitable set E∗ ⊂ E . Ideally, in order to speed up the convergence process, E∗ should not
include streets with very low probability of aﬀecting the walkability to maximise. In the current
implementation, we construct E∗ as follows: ﬁrst we include all the cheapest paths between each
couple of nodes ni ∈ S¯ and dj ∈ D; then, we make a ﬁrst order expansion of E∗ by including
all the edges linked to the edges already in E∗. The cost factor improvement Δη of each edge
in the initial population is chosen at random in accordance with the constraint in problem (6).
The recombination operator, which is applied with probability c, is deﬁned as follows: ﬁrst
we decode the two selected ‘parents’ pi and pj into the two candidate solutions Pi and Pj ,
respectively; then we compute the set P¯ = Pi ∪ Pj ; subsequently, we randomly split the set
P¯ into two new candidate solutions P∗i and P∗j ; ﬁnally, the latter individuals are encoded and
stored into the oﬀspring population. After the recombination operator, for each oﬀspring P∗
we apply the following mutation operators:
• edge removal : each edge of the individual can be removed with probability r;
• edge insertion: an edge can be added to the individual with probability a. To promote a
gradual exploration of the graph, the additional street edge is randomly chosen between
the elements of E linked to an edge which is already included in P∗. The value of Δη for
the new edge is randomly initialized taking into account the constraint in problem (6);
• random variation of cost factor reduction: for each element 〈e, Δη〉 ∈ P∗, the value of
Δη is randomly changed, in accordance with the bound constraint, with probability v.
To evaluate the new individuals at each generations, we use an incremental update of the data
structure obtained during the preliminary walkability assessment. To this purpose, we adopted
the algorithm proposed in [12] which allows to avoid repeating a complete Dijkstra’s search for
each node in S¯.
4 Preliminary Results on a Case Study
To evaluate its feasibility, the approach described above was applied to a dataset representing
Alghero, a town of about 40,000 inhabitants, in North-East Sardinia (Italy). To generate the
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5 Conclusions and Future Work
Two main conclusions may be drawn from this preliminary exploration of the possibility of a
design support system. There seems to be a promising perspective for tools which not only
evaluate but also assist urban design processes, centred on accessibility and walkability of
places. It is important to note that this goes beyond the problems of standard road network
graph optimization since, as we have seen in our case, it involves “thicker” and multidimensional
description of the urban environment.
On the other hand, such multidimensionality signiﬁcantly raises the bar of modelling and
computational complexity. Although we have shown a possible route of reduction of the problem
to make it computationally more tractable, further investigation is necessary to more system-
atically explore if and which other approaches and search heuristics may perhaps prove to be
better suited for the task. Given the potential service such tools may oﬀer for the future urban
design and planning, it seems to us a research line worth pursuing.
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